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Abstract: 10 
Henmilite is a triclinic mineral  with the crystal structure consisting of isolated B(OH)4 11 
tetrahedra, planar Cu(OH)4 groups and Ca(OH)3 polyhedra. The structure can also be viewed 12 
as having dimers of Ca polyhedra connected to each other through 2B(OH) tetrahedra to form 13 
chains parallel to the C axis.  The structure of the mineral has been assessed by the 14 
combination of Raman and infrared spectra. Raman bands at 902, 922, 951, and 984 cm-1 and 15 
infrared bands at 912, 955 and 998 cm-1 are assigned to stretching vibrations of tetragonal 16 
boron.  The Raman band at 758 cm-1 is assigned to the symmetric stretching mode of 17 
tetrahedral boron.  The series of bands in the 400 to 600 cm-1 region are due to the out-of-18 
plane bending modes of tetrahedral boron.  Two very sharp Raman bands are observed at 19 
3559 and 3609 cm-1. Two infrared bands are found at 3558 and 3607 cm-1.  These bands are 20 
assigned to the OH stretching vibrations of the OH units in henmilite.  A series of Raman 21 
bands are observed at 3195, 3269, 3328, 3396, 3424 and 3501 cm-1 are assigned to water 22 
stretching modes.  Infrared spectroscopy also identified water and OH units in the henmilite 23 
structure. It is proposed that water is involved in the structure of henmilite.  Hydrogen bond 24 
distances based upon the OH stretching vibrations using a Libowitzky equation were 25 
calculated. The number and variation of water hydrogen bond distances are important for the 26 
stability off the mineral.   27 
 28 
Key words: Raman spectroscopy, infrared spectroscopy, borate, henmilite, Fuka Mine 29 
 30 
31 
                                                 
 Author to whom correspondence should be addressed (r.frost@qut.edu.au) 
2 
 
1. Introduction 32 
Henmilite Ca2Cu[B(OH)4]2(OH)4 is a calcium-copper borate and is a bright blue to purple 33 
mineral [1].  The mineral is found in cavities in borate veins in contact-metasomatized 34 
limestone.  It has been stated that henmilite is a beautiful copper borate species with vibrant 35 
purple color (see supplementary information Figure S1). According to Takada et al.  [2] some 36 
euhedral crystals of borate minerals were found in vugs and fissures in veins intruded into 37 
crystalline limestone near the gehlenite-spurrite skarns at the Fuka mine.  The mineral has 38 
been found in veins in marble and was found during the cutting of the mineral [3].  39 
 40 
The mineral is triclinic with point group 1bar [1, 4].  The cell data is space group: P1. a = 41 
5.7617(5),  b = 7.9774(6),  c = 5.6488(4) with α = 109.611(6), β = 91.473(7), γ = 83.686(7) 42 
and  Z = 1.  According to Nakai et al. [3], the crystal structure consists of isolated B(OH)4 43 
tetrahedra, planar Cu(OH)4 groups, and Ca(OH)3 polyhedra. The structure can also be viewed 44 
as having dimers of Ca polyhedra connected to each other through B(OH)4 tetrahedra to form 45 
chains parallel to the C axis. The chains are connected through the Cu(OH)4 groups into a 3-46 
dimensional structure. The B atom lies at the centre of a nearly tetrahedral arrangement of 47 
OH- ions.  48 
 49 
Henmilite Ca2Cu[B(OH)4]2(OH)4 is of interest because of its potential to form 50 
nanomaterials based upon borate polyhedra. It is essential that our understanding of the 51 
spectroscopy of henmilite be obtained before attempts to make nanomaterials based upon 52 
borate minerals are undertaken. Raman spectroscopy has proven most useful for the 53 
study of secondary minerals. To the best of the authors’ knowledge, there have been very 54 
few vibrational spectroscopic studies of henmilite and no Raman studies of this mineral 55 
have been forthcoming.  The objective of this paper is to report the Raman and infrared 56 
spectra of henmilite and relate the spectra to the molecular chemistry and the crystal 57 
chemistry of this borate mineral. In this research, we have characterised a natural 58 
henmilite using Raman and infrared spectroscopy and relate the spectra to the structure 59 
of the mineral.   60 
61 
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2. Experimental 62 
2.1 Mineral 63 
The henmilite mineral was obtained from The Mineralogical Research Company. The 64 
mineral originated from the Fuka mine, Okayama Prefecture, Honshu Island, Japan [3, 4]. 65 
The image of the mineral is given in the supplementary information as Figure S1. Here two 66 
phases are observed, namely henmilite and calcium carbonate as marble. The mineral is 67 
associated with pentahydroborite, tenorite, sillenite, bultfonteinite, cuspidine, thaumasite, 68 
brucite, and calcite [5].   69 
 70 
2.2 Raman spectroscopy 71 
Crystals of henmilite were placed on a polished metal surface on the stage of an Olympus 72 
BHSM microscope, which is equipped with 10x, 20x, and 50x objectives. The microscope is 73 
part of a Renishaw 1000 Raman microscope system, which also includes a monochromator, a 74 
filter system and a CCD detector (1024 pixels). The Raman spectra were excited by a 75 
Spectra-Physics model 127 He-Ne laser producing highly polarised light at 633 nm and 76 
collected at a nominal resolution of 2 cm-1 and a precision of ± 1 cm-1 in the range between 77 
200 and 4000 cm-1. Repeated acquisitions on the crystals using the highest magnification 78 
(50x) were accumulated to improve the signal to noise ratio of the spectra. Because of the 79 
lack of signal, over 1200 scans were made. The spectra were collected over night. Raman 80 
Spectra were calibrated using the 520.5 cm-1 line of a silicon wafer.  The Raman spectrum of 81 
at least 10 crystals was collected to ensure the consistency of the spectra.   82 
 83 
A Raman spectrum of henmilite has been reported in the RRUFF data base 84 
[http://rruff.info/Henmilite].  No assignment of bands is given and no bands in the hydroxyl 85 
stretching region were offered. The spectra have been downloaded from the RRUFF data 86 
base and are reported in the supplementary information as Figures S1 to S4. 87 
 88 
2.3 Infrared spectroscopy 89 
Infrared spectra were obtained using a Nicolet Nexus 870 FTIR spectrometer with a smart 90 
endurance single bounce diamond ATR cell. Spectra over the 4000525 cm-1 range were 91 
obtained by the co-addition of 128 scans with a resolution of 4 cm-1 and a mirror velocity of 92 
0.6329 cm/s. Spectra were co-added to improve the signal to noise ratio.   93 
Spectral manipulation such as baseline correction/adjustment and smoothing were performed 94 
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using the Spectracalc software package GRAMS (Galactic Industries Corporation, NH, 95 
USA). Band component analysis was undertaken using the Jandel ‘Peakfit’ software package 96 
that enabled the type of fitting function to be selected and allows specific parameters to be 97 
fixed or varied accordingly. Band fitting was done using a Lorentzian-Gaussian cross-product 98 
function with the minimum number of component bands used for the fitting process. The 99 
Gaussian-Lorentzian ratio was maintained at values greater than 0.7 and fitting was 100 
undertaken until reproducible results were obtained with squared correlations of r2 greater 101 
than 0.995.  102 
 103 
3. Results and Discussion 104 
The Raman spectrum of henmilite over the 100 to 4000 cm-1 spectral range is displayed in 105 
Figure 1a.  This spectrum reports the position and relative intensity of the individual Raman 106 
bands. The most intense band is in the OH stretching region. In the spectrum, there are 107 
obvious spectral regions in which no intensity is observed. The spectra are divided into 108 
sections for more detailed analysis depending upon the type of vibrations being observed.  109 
The infrared spectrum over the 550 to 4000 cm-1 spectral range is shown in Figure 1b.  As 110 
with the Raman spectrum, the infrared spectrum is subdivided into sections for more detailed 111 
analysis, depending on the type of vibration being observed.   112 
 113 
The Raman spectrum in the 800 to 1400 cm-1 spectral range is displayed in Figure 2a. The 114 
series of bands between 900 and 1000 cm-1 at 902, 922, 951, and 984 cm-1 are assigned to the 115 
antisymmetric stretching vibrations of tetragonal boron. These bands are strong in the 116 
infrared spectrum where intense bands are observed at 912, 955 and 998 cm-1 (Figure 2b).  117 
The two Raman bands at 1208 and 1270 cm-1 are assigned to OH deformation modes. This 118 
vibrational mode is observed in the infrared spectrum by a quite broad band at 1168 cm-1 with 119 
shoulders at 1076, 1246 and 1276 cm-1.  The Raman spectrum reported in this work differs 120 
from that reported in the RRUFF data base. The spectrum in this data base is quite noisy and 121 
suffers from a lack of signal.  The Raman spectrum of henmilite from the RRUFF data base 122 
provides bands at 916, 931 and 981 cm-1.  In the RRUFF Raman spectrum of henmilite, two 123 
bands were identified at 1206 and 1268 cm-1, in excellent agreement with the bands reported 124 
in this work.  The low intensity Raman bands at 823 and 834 cm-1 are assigned to the 125 
5 
 
symmetric stretching modes of tetrahedral boron (this work).   The bands are not observed in 126 
the infrared spectrum.   127 
 128 
The Raman spectrum of henmilite in the 300 to 800 cm-1 spectral region and in the 100 to 300 129 
cm-1 spectral region are reported in Figures 3a and 3b respectively.   The spectrum is 130 
dominated by an intense Raman peak at 758 cm-1 with a shoulder band at 752 cm-1.  131 
According to Farmer [6] bands in this part of the infrared spectrum of borates belong to the 132 
symmetric stretching modes of tetrahedral boron. Therefore these bands at 752 and 758 cm-1 133 
are assigned to the stretching BO modes of tetrahedral boron.  This band is also very 134 
prominent in the RRUFF data base spectrum (Figure S3), where an intense band at 756 cm-1 135 
is found. The series of bands in the 400 to 600 cm-1 region are due to the out-of-plane 136 
bending modes of tetrahedral boron.  Raman bands are observed at 415, 569 cm-1 with a 137 
shoulder at 479, 534, 547, 562 and 598 cm-1.  The Raman bands at 335 and 365 cm-1 are 138 
attributed to metal-oxygen stretching vibrations. In the RRUFF data base spectrum of 139 
henmilite, strong Raman bands are identified at 413, 468, 545 cm-1 in harmony with the 140 
Raman bands found in this work.  A strong Raman band in the RUFF spectrum was found at 141 
364 cm-1 with a shoulder at 354 cm-1 in good agreement with the data of this work.  The 142 
Raman spectrum in the far low wavenumber region (Figure 3b) displays Raman bands with 143 
significant intensity at 148, 197 and 225 cm-1 with bands of lesser intensity at   128, 162, 172, 144 
240, 255, 267 and 290 cm-1.  Bands are displayed in similar positions in the RRUFF data base 145 
spectrum of henmilite; however the intensity of the peaks do vary between the two spectra. 146 
These peaks are simply described as lattice vibrations and perhaps it is not unexpected that 147 
the intensities will vary.   148 
 149 
The Raman spectrum of henmilite in the OH stretching region over the 2800 to 3800 spectral 150 
range is shown in Figure 4a.  The infrared spectrum over the2400 to 3800 cm-1 is displayed in 151 
Figure 4b. A strong similarity exists between the two spectra. It is noted that no spectra of the 152 
OH stretching region is provided in the RRUFF data base spectrum.  Two very sharp Raman 153 
bands are observed at 3559 and 3609 cm-1. Two infrared bands are found at 3558 and 3607 154 
cm-1.  These bands are assigned to the OH stretching vibrations of the OH units in henmilite 155 
Ca2CuB2(OH)12.  A series of Raman bands are observed at 3195, 3269, 3328, 3396, 3424 and 156 
3501 cm-1. These bands are assigned to water stretching modes. Similarly, infrared bands are 157 
6 
 
observed at 3146, 3195, 3267, 3331, 3388, 3419, 3468 and 3501 cm-1.  These infrared bands 158 
are in a similar position to the Raman bands and are attributed to water stretching vibrations. 159 
These data suggest that water is involved in the structure of henmilite.   Kusachi [4] provided 160 
some new data on henmilite and showed that using DTA that henmilite showed strong 161 
endothermic peak at 237° and a sharp exothermic peak at 589°.  The first peak may be 162 
attributed to water loss and the second to loss of the OH units.  There is a need to undertake 163 
thermogravimetric analyses of the mineral to ascertain the true formula of the mineral.   164 
 165 
It was not possible to obtain the Raman spectrum of henmilite over the 1300 to 1800 cm-1 166 
spectral range.  No signal was obtained.  An infrared spectrum was obtained and is shown in 167 
Figure 5.  Clearly two infrared bands at 1615 and 1686 cm-1are found and are assigned to 168 
water bending modes. The band at 1615 cm-1 is assigned to water in a weakly hydrogen 169 
bonding environment; whereas the band at 1686 cm-1 is assigned to the HOH bending mode 170 
of very strongly hydrogen bonded water. Bands in this position are indicative of water 171 
bonded as ligands to a metal. Again the exact formula of the mineral is brought into question.  172 
 173 
Studies have shown a strong correlation between OH stretching frequencies and both 174 
O…O bond distances and H…O hydrogen bond distances [7-10]. Libowitzky (1999) showed 175 
that a regression function can be employed relating the hydroxyl stretching wavenumbers 176 
with regression coefficients better than 0.96 using infrared spectroscopy [11]. The function is 177 
described as: ν1 = 1321.0
)(
109)3043592(
OOd 
 cm-1. Thus OH---O hydrogen bond distances may 178 
be calculated using the Libowitzky empirical function. Hydrogen bond distances may be 179 
obtained by using the OH stretching wavenumbers as given in Figure 5a and 5b.  The values 180 
for the OH stretching vibrations based upon the infrared spectrum, provide hydrogen bond 181 
distances of 2.6869 Å (3146 cm-1), 2.7287 Å (3267 cm-1), 2.7576 Å (3331 cm-1), 2.7902 Å 182 
(3388 cm-1), 2.8120 Å (3419 cm-1), 2.8560 Å (3468 cm-1), 2.8968 Å (3501 cm-1), 3.0269 Å 183 
(3558 cm-1), >3.200 Å (3607 cm-1).   184 
 185 
By using the position of the Raman OH stretching wavenumbers, estimates of the 186 
hydrogen bond distances can be made.  Here hydrogen bond distances are calculated as 187 
2.6742 (3101 cm-1), 2.7022 Å (3195 cm-1), 2.7295 Å (3269 cm-1), 2.7560 Å (3328 cm-1), 188 
2.7955 Å (3396 cm-1), 2.8158Å (3424 cm-1), 2.9187 Å (3501cm-1), 3.0308 Å (3559cm-1), 189 
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>3.2 Å (3609 cm-1). It is observed that the hydrogen bond distances calculated from the 190 
infrared spectra are in a similar range as calculated from the Raman spectrum. 191 
 192 
The large hydrogen bond distances which are present in pinnoite can also be seen in 193 
other mixed anion minerals such as peisleyite and perhamite [12, 13] where the distances 194 
ranging between 3.052(5) and 2.683(6) Å. Such hydrogen bond distances are typical of 195 
secondary minerals. A range of hydrogen bond distances are observed from reasonably strong 196 
to weak hydrogen bonding. This range of hydrogen bonding contributes to the stability of the 197 
mineral. Two types of OH units can be identified in the structure of pinnoite. The hydrogen 198 
bond distances previously established can be used to predict the hydroxyl stretching 199 
wavenumbers. The spectrum of pinnoite may be divided into two groups of OH stretching 200 
wavenumbers; namely 30003400 cm-1 and 34003600 cm-1. This distinction suggests that 201 
the strength of the hydrogen bonds as measured by the hydrogen bond distances can also be 202 
divided into two groups according to the H-bond distances. An arbitrary cut-off point may be 203 
3.00 Å based upon the wavenumber 3300 cm-1. Thus, the bands listed above occurring above 204 
3400 cm-1 may be described as weak hydrogen bonds and the series of bands < 3400 cm-1 as 205 
relatively strong hydrogen bonds. The number and variation of water hydrogen bond 206 
distances are important for the stability off the mineral.   207 
 208 
4. Conclusions  209 
 210 
The mineral is characterized by a complex set of overlapping bands in the OH stretching 211 
region composed of bands attributed to the OH stretching vibrations and to water 212 
stretching vibrations. OH stretching Raman bands are observed at 3559 and 3609 cm-1 213 
with IR bands in similar positions.   It is predicted that it is the condensation of these OH 214 
units which enables the borate polyhedra to form.  These OH stretching bands are 215 
superimposed upon a spectral profile attributed to water stretching vibrations.  Prominent 216 
Raman bands assigned to water are identified at 3195, 3269, 3328, 3396, 3424 and 3501 217 
cm-1.  It is suggested that these water molecules are essential for the stability of the 218 
mineral. Further it is proposed that water is bonded to the cations Ca and Cu in the 219 
henmilite structure.  Further experimentation is required to confirm this concept 220 
including XPS and high resolution thermogravimetry.   221 
 222 
223 
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Figure 1 (a) Raman spectrum of henmilite in the 100 to 4000 cm-1 region (b) infrared 281 
spectrum of henmilite in the 500 to 4000 cm-1 region.  282 
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Figure 2 (a) Raman spectrum of henmilite in the 800 to 1400 cm-1 region (b) infrared 284 
spectrum of henmilite in the 500 to 1300 cm-1 region.  285 
 286 
Figure 3 (a) Raman spectrum of henmilite in the 300 to 800 cm-1 region (b) Raman spectrum 287 
of henmilite in the 100 to 300 cm-1 region 288 
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Figure 4 (a) Raman spectrum of henmilite in the 2400 to 3800 cm-1 region (b) infrared 290 
spectrum of henmilite in the 2400 to 3800 cm-1 region.  291 
 292 
Figure 5 infrared spectrum of henmilite in the 1300 to 1800 cm-1 region.  293 
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